Abstract
Introduction
The Osireion, formerly concealed within a West Bank Nile terrace, Abydos, Egypt, is thought to have been an important building for the Ancient Egyptians. Osiris was the main god of the Abydos, which became cult center of this god, burial site of kings of Dynasty I and II and high court dignitaries in Pharaonic times. The structure is constructed of huge blocks of Aswan granite, sandstone and limestone. It intersects the water table nearly 13 meters below the desert surface. Its outer walls surround a water-filled channel and central hall. The channel defines a massive rectangular central stone island. The channel was cleared of boulders derived from the breakup of the upper portion of the temple and sediment accumulations to a depth of about 4.3 meters during H. Frankfort's 1925 expedition. Excavation was limited by capacity of the 16 hp, 4-inch diameter steam-powered pump available at the time. It was able to lower the water level 3.7 m below the ledge or top of the island. The groundwater inflow capacity has not been defined to date. [1] lists six principal questions that have eluded archeologists and Egyptologists. Why was the Osireion built? When was it built? How was it built? Is in the interior of the island hollow? Why was it built in water? Of interest here are observations resulting from more recent hydrogeological investigations concerned with the source or sources of groundwater that nourish the Osireion: the sixth question, Was it located at the site of a spring or did the foundation of this deeper than expected structure penetrate the water table during its construction? If the latter is correct, how might its artisans have lowered water levels to allow placement of its huge stone blocks and then control levels following completion of the temple?
METHODS
The oxygen (ä 18O) and deuterium, (ä D) isotopic compositions of eleven water samples collected in June 2009 were measured by the Egyptian Atomic Energy Authority.
Staff from the Authority collected, transported and stored water samples. Sample locations were identified and selected by Professor Ahmed A. Abdel Moneim, Geology Department, Faculty of Science, and Sohag University, Egypt, fig. (1-a) . He assisted in this sampling effort. We assume therefore, that no headspace was left in sample containers that might allow evaporation, hence change isotopic contents and that all necessary protocols were followed. Pumps were used to obtain water from two American House water supply wells, farm wells located west and south of the Osireion and a house well in Abydos, fig. (1-b), other samples were hand bailed from exposed water sources. Cations, anions and other constituents were analyzed by the Geology Department Laboratory, Sohag University, tab. (1-a, b). Isotopic data from the Sinai Peninsular, were included in some graphs for comparison. These were obtained from [2] . Sinai samples were analyzed for radioactive tracers (14C, 3H) as well as stable isotopic composition (18O/16O and D/H), by the Atomic Energy Authority. Sinai groundwater was contained in artesian aquifers at various distances and depths from potential recharge areas that are higher in elevation than the Abydos area. Age dates also indicate that recharge occurred under wetter climatic conditions than exist at present. (2) . These data constrain the isotopic content of precipitation and, therefore, the initial isotopic composition of groundwater recharge. Various factors, such as evaporation, mixing, and relative humidity, influence both ä 18 O and äD in time and space, fig., (3) . In our study region, evaporation of ground-and surface waters can severely affect the isotopic composition of waters. We should note that climatic factors also affect the isotopic composition of precipitation, thus groundwater added to aquifers in the past ostensibly in wetter and cooler conditions can differ substantially from present-day recharge. An analysis of the ä 18 O and äD data from the Sinai Peninsula and Abydos region, fig. (4-a) , in addition to PO 4 , CL, Na+K concentrations and TDS, fig. (5,  6 ), suggest that waters sampled at Osireion are not easily explained by simple evaporation of any of the supposed end members. With regard to the isotope data, water samples collected in the Abydos region generally fall between the Global Meteoric Water Line (GMWL) and the previously-identified paleowater line [2] in a region expected of modern precipitation in arid, low latitude climates. In contrast, while the Sinai groundwater fall between the GMWL and the paleowater line, they are significantly lighter isotopically, suggesting that Sinai groundwater is comprised of water from cooler climates and/or higher altitudes. Radioactive 14 C data reveal that these waters are indeed older and were likely replenished under pluvial, inland climatic conditions. Of the water samples analyzed from the Abydos region, the Nile River sample appears the most affected by evaporation, fig. (4-b) . This hypothesis is consistent with the degree of evaporation expected at the >500 km long Lake Nasser upstream, given the arid climate and significant surface area of the lake. Yearly evaporation and seepage losses in Lake Nasser average about 10.8 percent by volume of water in the reservoir estimated to be 140 billion cubic meters After http://www.science.uwalerloo.ca/~llgibson/ when filled to its maximum level [3] [4] , estimated the degree of aridity at Sohag as 0.267, indicating a desert condition, and estimated the rate of evaporation to be 2.4 m/year. While the isotopic data support the most chemically dilute of the samples measured, fig. (5-6) . Analysis of waters upstream of Lake Nasser is therefore, critical to constraining the degree of permissible evaporation. The water sample obtained from the interceptor drain dewatering well at Abydos east of the Seti-I Temple, also shows an evaporative influence and is isotopically similar to Nile River water in this locale, fig. (4b) . The TDS-Cl and phosphate-Cl data support the idea that the drain water is derived from evaporation of a local Nile-like water, while the Na+K-Cl data suggest some degree of mixing and/or water-rock interaction in the system. This drain intercepts shallow groundwater intended to protect the Seti-I Temple against rising ground-and capillary-water and further accumulation of destructive evaporate salts. This drain is located somewhat distant from the western margin of the Nile flood plain where flood irrigation allows crop production on a year round basis. Waste water also is released from homes located immediately north and south of this drain as well as opposite the inner and outer Seti-I court yards located to the west of the drain. Nine piezometers were installed immediately in front of the Seti-I Temple outer court to define the water table configuration, fig. (7) and to support a geothermal geophysical exploration program in search of a conduit that has been postulated to have been built to control the water level in the Osireion. fig. (8) shows the locations of these piezometers. Depths to the water table vary from 1.67 to 1.95 m within these piezometers set in silty sand and silty clay deposits. Their fine grain size facilitates the rise of capillary water.
Destructive salts are present 1.0 to 1.5 m above the land surface on the stairway and outer retaining wall of the Seti I outer courtyard, fig. (9) . The height of capillary rise can range from 0.50 m for fine-grained sand to 3.0 m for coarse silt and 7.5 m for fine silt [5] . Depths to groundwater within the interceptor drain vary from 0.955 to 3.64 m below land surface depending upon its pumping schedule. High groundwater evapotranspiration rates are to be expected within both vegetated and non vegetated areas near this drain because of the desert climate, shallow water table and finetextured soils encountered in auger holes located in the area. Evaporation accounts for its isotopic value that plots below the GMWL, fig. (3,4b) . The dewatering well and interceptor drain are rather distant from existing cropland. All of our groundwater elevation data collected to date shows that groundwater flows eastward from the Osireion toward the Roman well and drain whenever the interceptor drain dewatering pump is idle or in operation, fig. (1) drawdown was 3.64 m after several hours of pumping. According to the operator, Abdel Hamed, this pump is activated about once a week. It would draw water eastward from the vicinity of the Seti I outer terrace and westward from paved areas and a small Ministry of Antiquities garden located to the east. This brief pumping schedule is not likely to draw irrigation return flows from cropland located some distance to the east of the interceptor drain, paved areas and garden. Up until about the last two years, water was pumped from the Osireion and piped to the interceptor draindewatering well drainage system before being released to a drainage canal. During the 2007 field season, we observed that when the Osireion pump was in operation, groundwater levels were higher in elevation within the nine piezometers that were installed in front of the Seti-I Temple than when the pump was idle. These levels receded when the Osireion pump was shut down. fig. (1) plot below the GMWL and are influenced by evaporative losses. This combination hand dug and drilled wells tap Nile alluvial terrace aquifers that are covered with archeological debris mixed with aeolian sands. The western Shafai Farm well is located along a shallow elongate depression, a short section of a small stranded wadi channel. Crops are irrigated on several small farms in the area. High evapotranspirative losses of irrigation water will enrich return flows in chloride and total dissolved solids. However, some mixing with other sources of water is required to account for the chemistry reported in the western farm well. To get 1,500 ppm chloride, Fantle concluded that you would need 99 percent evaporation of Nile water, the most dilute water in the system. This is regarded as too high an evaporative loss because the water (7) is newer and is used to irrigate an orchard on a second Nile terrace, fig. (1) At present, water is obtained from a combined hand dug and hand drilled well 70.7 m deep. The water table was 24.2 m deep when the well was constructed. Previously, an aqueductlike system was used to transport water from a northern well located lower in elevation along this or a younger Nile terrace to the orchard. Regional groundwater flow, fig. (7) is believed to be directed northward in the vicinity of this well within terrace deposits. A precise elevation of its wellhead has not been obtained. [6] ruled out seepage from the Nile low dam at Nag Hammadi and then to the south of Abydos. The Nag Hammadi pool elevation was reported to be 65 m in elevation, which was reported to be lower in elevation than the 66 m Osireion water level measured during this earlier study. On May 8, 2008 , the Osireion water level elevation was 63.949 m and 62.819 m on January 14, 2009. These recent water level elevations would allow leakage from Nag Hammadi pool and northward flow toward the Osireion assuming that its pool elevation was still 65 m. The eastern and western American House water wells are located north northwest of the Osireion, fig. (1) These dug-drilled combination wells are located along a wadi drainage swale that leads toward the sacred gap in the western limestone desert plateau. This is the same swale that contains the western farm well. Local recharge is likely during raremajor-storm-flood events. Small gardens are present at the American House and wastewater is disposed of on site. New crop land is under preparation less than 0.5 km to the west along this drainage swale, but the first crops were not planted by the January 2009 field season. Water table elevations are not available for these two wells because of their seals. Isotopically, they deviate from the MWL reflecting evaporative influences. Of interest are differences in the ä D and ä 18O concentrations in the two dewatering wells located just southwest and southeast of the Osireion, fig. (1 Osireion water is trapped in a nearly water tight structure, flow to the south is small, and most water is lost by evaporation and/or directed eastward along a postulated ancient drainage structure. If this were true, the dewatering wells would have to tap a different source of shallow groundwater that dilutes and masks southerly leakage from the Osireion. A pump was used to lower the water level in the canal to allow excavation during H. isotopic data suggest somewhere between 20 to 25 percent evaporation at about 25 percent humidity, not a bad estimate for Luxor. However, the chloride data alone suggest more than 88 percent evaporation, so this hypothesis is not consistent with the two data sets. A deep source of chloride might be diffusing through or derived from the Esna Shale, possibly also from remnants of the Issawi Formation not exposed in the area. Chloride also could be derived from other poorly permeable strata within the thick Qena Formation within the Nile Valley. These are suggested as an alternate source of chloride. Osireion water plots alone with respect to the GMWL, fig. (4b) when compared to other water samples obtained from the Abydos area and Sinai Peninsular. The suggestion that water may be welling up within the Osireion under artesian head and flowing radially outward toward the southeast and southwest dewatering wells is supported by the following observation of Frankfort. When using a probing stick to attempt to determine the depth of its structure…"when, on the other hand, the stick was pressed down vertically, we found everywhere that a certain depth-7.80 m below the ledgethe water acted with particular force upon the stick, and in fact pressed it upwards, spouting up after it when it was withdrawn…" Westerman also noted a flow of bubbles and water when his metal probing rod was withdrawn from its maximum 10.4 m depth of penetration.
Aside from artesian pressure, gas bubbles also could be involved. CO 2 or other gases, for example, could be produced by decaying organic matter likely to be present deep in the channel, possibly also within the conduit assumed to extend eastward 
Conclusion
Osireion (Mostafa, 1979; Abdel Moneim, 1998 courtyards. These would confirm the presence, width and depth of a natural valley or ancient canal extending eastward beyond the Osireion. These holes would be used to calibrate existing seismic survey, radar, soil temperature, water level, water quality and subsidence data that together, indicate the presence of a buried channel that extends eastward below the Seti-I Temple and courtyards. 7. Continuous soil cores should be taken from these drill holes in search of engineered voids, and compressible, organic sediments. The distribution of deposits encountered would differ if confined to a canal v having been deposited as layers or lenses of organic clay on the Nile or a pre-Nile flood plain or within an earlier drainage system. Carbon 14 dates should be obtained for any organic matter that might be recovered. If organic matter appears along a narrow east-west canal, 14 C dates are likely to reveal the age of organic matter than began to accumulate shortly after the canal was constructed. Judging from the vegetation that chokes existing water supply and drainage canals, only a few years might be required to accumulate sufficient datable material. These data would offer the best evidence of the minimum age of the Osireion and help answer the question, when was it built? 8. Organic rich sediment may exist near the base of the channel within the Osireion and could provide a minimum estimate of its age. Plants did not grow within the Osireion when its roof was intact and sunlight excluded. However, if ancients built a drain to control water levels or this drain was used to raise water levels in response to Nile stage changes, fine-textured organic matter may have been flushed into the Osireion during the annual flood. Sediment samples should be retained for 14 C dating and study as excavation proceeds to the base and foundation of the channel. 9. Hydrogeological data obtained during our May 2007 field season revealed that water pumped from the Osireion entered the dewatering well and interceptor drain located east of the Seti-I Temple. This raised the water level in the drain and adjacent sediment extending westward at least to the Line 1 piezometers. Groundwater levels were raised in front of the Seti-I outer terrace in an episodic manner each time the Osireion pump was activated thereby enhancing damage to the Temple rather than protecting it as intended. We recommended that a check valve be installed in the Osireion and interceptor drainage systems or other changes be made to prevent repeated future back washing and recharge of Osireion discharge water into sediment adjacent to this drain. Since the Osireion dewatering pump has been idle (2008) and removed (2009), this concern has been eliminated. A new design is needed when this dewatering system is rebuilt. When the interceptor trench dewatering pump operates alone, it lowers the water level in the drain as intended. Drawdown extends westward to the Line 1 piezometers by an undefined amount. Any lowering of the water table helps to protect the Seti-I Temple. However, water levels in several of the Line 1 piezometers that penetrated groundwater during the 2008 and 2009 field seasons is still too shallow to prevent capillary water from contacting Seti-I outer courtyard walls and staircase. The fine-grained nature of silt, silty sand and fine sands recovered when auguring and constructing Line 1 piezometers supports a capillary fringe more than 2 m high. 10. Precise leveling of additional water supply wells located south, east and north of the Osireion is justified. More detailed seasonal water level maps could be prepared that reveal patterns of groundwater flow, changes in water levels and quality resulting from ongoing and future changes in land use.
